The so-called side-exposure method has been widely used in the fabrication of fiber Bragg gratings (FBGs). The effects of the fiber cladding on the wavefronts of the UV writing beams and the interference fringes formed inside the fiber have been addressed in this study. The wavefronts of the UV beams have been analyzed and it has been demonstrated that the existence of the fiber cladding significantly alters the wavefronts of the UV beams in one plane and makes them highly astigmatic. Based on the calculated wavefront radii of the UV beams, a model has been established for prediction of the interference fringe pattern formed in the fiber core area.
INTRODUCTION
Fiber Bragg gratings (FBGs) have become key components in the established and emerging fields of optical communications and optical fiber sensing 1, 2 . In the optical communications area, FBGs have been widely used as the optical filters, dispersion compensators and gain flattening filters. FBGs are more and more widely used in optical sensors to provide pressure, temperature and strain measurements. The wider range applications of FBGs in different areas have generated a large demand for the production of fiber gratings. An FBG is normally fabricated by using the so-called side-exposure method where a photosensitive fiber is exposed to a fringe pattern generated by the interference of two UV laser beams. The fringe pattern can be formed either by a two-beam interferometer or a phase mask 3, 4 .
Since the characteristics of an FBG, such as reflection and group delay, are determined by the refractive index modulation formed in the fiber core, it is important to fully understand the fringe patterns formed in the fiber core. Much research on analyzing the interference patterns generated by the phase masks and the effects caused by the zero and higher orders on the fabrication of FBG has been carried out in recent years. Using rigorous coupled-wave analysis, Qiu et al 5 calculated the interference field intensity distribution after a phase mask with different retardation phases and duty cycles. Dyer et al 6 investigated the interference field produced by a phase mask under excimer laser irradiation and assessed the near-field fluence and energy density distributions by considering the interference of the plane waves with finite spatial and temporal coherence. In a recent paper by Xiong et al 7 , the effects of the zerothorder diffraction of a phase mask on Bragg gratings are investigated both theoretically and experimentally. Similar to the previous work, the analysis presented in Ref.7 is based on the plane wave model. In the experiments, polymer preforms, which are photo sensitive to the UV laser, are used to record the intensity distribution behind a phase mask, and an atomic force microscope (AFM) and an optical microscope are employed to characterize the recorded gratings. The observation reveals the 3D structure of the gratings quantitatively.
In the previous studies (Ref. [3] [4] [5] [6] [7] , the fringe patterns are analyzed without taking the affect of fiber cladding into account. In fact, the cladding of the fiber acts as a cylindrical lens to the incident UV beams during the side-writing process. The wavefronts of the incident laser beams will be altered by the fiber cladding, and as a consequence, the interference fringe patterns formed in the fiber core will be different from those in free-space. The aim of this study is to examine the effects of fiber cladding to the wavefronts of the UV beams and to predict the detailed structure of the fringe patterns in the fiber core area.
WAVEFRONT OF A UV BEAM IN THE FIBER CORE AREA
In the process of FBG fabrication, the UV beams are usually focused in the direction perpendicular to the fiber by a cylindrical lens to fully utilize the UV energy. The photo-sensitive fiber is placed at a location which is close to the focus, where the wavefronts of the incident beams are close to plane waves. The cladding diameter of a standard single-mode fiber is normally 125 microns. The existence of the cladding acts like a cylindrical lens, which will significantly alter the wavefronts of the laser beams in the focusing direction after entering the fiber. Therefore, in the fiber core area, the UV laser beams are highly astigmatic.
By modifying the expression of a spherical Guassian beam 8 , one can represent the field distribution of an astigmatic beam propagating along the z-axis as In order to analyze the wavefronts of a laser beam inside the fiber, we employ the ray trace method. In our analysis, we neglect the refraction caused by the small refractive index difference (about 0.36%) between the fiber core and cladding. In addition, since we are only interested in the interference fringe patterns inside the fiber core (the core diameter of a standard single-mode fiber is about 10 microns), only the effects of the surface facing the incident beams are considered. The existence of fiber will not affect the wavefront shape in the plane containing the fiber and the laser beam (here we define this plane as Plane 1). In Plane 1, the wavefront radius of the laser beam in the fiber will be determined by the incident beam. In the plane that is perpendicular to Plane 1 and containing the incident beam (defined as Plane 2), the wavefront radius of the incident beam will be altered by the fiber cladding.
Orthogonal incidence
We first consider a situation where the UV beam is perpendicular to the fiber. Illustrated in Fig.1 is a cross section of the fiber and a local coordinate system used for our analysis. In Fig.1 , the x-axis is perpendicular to the paper plane, the z-axis is the direction of the beam propagation direction, and the origin is at the fiber center.
A ray parallel to the z-axis is incident on the fiber with an incidence angle of 1 θ and is refracted at the cladding surface. The refraction angle can be calculated according to the Snell's law as ) sin ( 1 2 n Sin Arc
where, n is the refractive index of the fiber cladding.
Suppose that in Plane 2, the wavefront of the incident beam is planar before entering the fiber. Inside the fiber, the wavefront passing through a point ) 0 , ( p z on the z-axis can be readily found to satisfy the following equations,
where, c R is the radius of the fiber cladding.
Eqs. (3) and (4) are valid for any ray incident on the fiber and can be used to examine the wavefronts inside the fiber. Plotted in Fig.2 is a three-dimensional wavefront surface passing through the fiber axis for a planar beam in Plane 1. As expected, inside the fiber, the wavefront is of a cylindrical shape and is curved towards the beam propagating direction. . Further examination of the wavefront radius shows that, in the fiber core area, the radius decreases approximately linearly with the distance through which the beam travels. Note that the wavefront radius calculated from Eq. (5) is negative, indicating that the beam is converging in the fiber core area. Fig. 3 Coordinate system adopted for the case of oblique incidence
Oblique incidence
We now consider the non-orthogonal incidence situation. The coordinate system adopted for this situation is shown in Fig.3 . The origin of the coordinate system is at the fiber core centerline and the y-axis is perpendicular to the paper plane. Since the UV beam is oblique to the fiber, the cross-section of the fiber in Plane 2 is generally elliptic. Under the normal writing conditions, the angle between the UV beams and the fiber axis is less than 10 degrees inside the fiber. The difference between the long and short axes of the ellipse is normally less than 2%. It is, therefore, reasonable to replace the elliptic cross-section with a circular one to simplify the analysis. 
Fiber cladding beam
In Plane 1, the wavefront is determined by that of the incident beam. In different planes parallel to the y-z plane, the wavefront can be described by arcs with radii given by Eq.(5). It is should be noted that the radius of the wavefront in the y-z plane is a function of the distance from the fiber centerline. Depicted in Fig 4 is a three dimensional representation of the wavefront passing through the origin of the coordinate system.
INTERFERENCE FRINGE PATTERNS IN THE FIBER CORE
We now consider two laser beams intersecting with a cross-angle of 2θ in a global x-y-z coordinate system in the fiber core, as shown in Fig.5 . The relevant coordinate systems, x 1 -y 1 -z 1 for beam 1 and x 2 -y 2 -z 2 for beam 2, are also shown in Fig.5 . The origins of all the coordinate systems are at the same location and at the fiber centerline. The can be calculated by using Eqs. (2)-(5). Note that the radii of the wavefronts in Plane 2 are functions of the zposition in the global coordinate system. 
When the beams intersect in the fiber core, interference will occur. The intensity reaches a maximum when the following equation is satisfied: 
where m is an integer, ∆φ represents the initial phase difference between two beams. If a phase mask is used for FBG writing, 0 = ∆φ . For a two-beam interferometer, ∆φ is determined by the path difference between the two beams.
Clearly the above model can be used to predict the interference patterns formed in the fiber core area. In order to perform the necessary calculations to determine the resulting structure of the interference patterns, the following is assumed as typical parameter values:
Wavelength of the UV beam: 244 nm Refractive index of the fiber core: 1.51 @ 244 nm Beam crossing angle inside the fiber: 9 degrees Diameter of the fiber core: 10 µm Diameter of the fiber cladding: 125 µm
INTERFERENCE FRINGE PATTERNS
In the simulations, the following situations in Plane 1 were considered: (a) the incident beams are plane wave; (b) the incident beams are converging; and (c) the incident beams are diverging.
The calculated results have shown that the interference fringe shapes are almost planar even though the beams are highly astigmatic. This is due to the fact that at any point in the fiber core area the wavefront radii of the two interference beams are equal if the beams are symmetrically incident onto the fiber.
It is demonstrated that when the incident beams are plane waves in Plane 1, the interference fringe patterns formed in the fiber core are a series of planes with an equal spacing. In this case, the plane wave model used in free space can be used to calculate the fringe patterns inside the fiber. Fig.6 depicts three-dimensional plots of the interference fringe shape for m = 1 when the incident beams are diverging in Plane 1 and the wavefront radii are 100 mm and 500 mm. It can be seen that although the fringes are of planar shape they are not exactly parallel. The spacing between the fringes on the side facing the incident beams is smaller than that on the opposite side. The variation of the fringe spacing increases with the decrease of the wavefront radius. This is a consequence of the beam diverging angle in Plane 1, which is determined by the incident beams. Detailed studies of the beam diverging angles caused by the beam focusing in the Plane 1 on the fringe patterns can be found in Ref. 9 and 10. The variations of the fringe spacing contribute to the chirp and the broadening of the FBG spectra. Fig. 7 is the calculated interference fringe shape for m = 1 when the incident beams are converging in Plane 1 and the wavefront radius is 100 mm.
Depicted in
The calculated results demonstrate that the fringe patterns inside the fiber core area are also sensitive to the wavefront variations in the Plane 1. In order to minimize the fringe gradients, it is therefore desirable to reduce the diverging angle in Plane 1. This can be done by using optical components to transform the beam waist in this plane to the fiber location. 
CONCLUSIONS
We have analyzed the effects of the fiber cladding on the wavefronts of the UV writing beams and established a model to predict the interference fringes formed inside the fiber core area during the fabrication of fiber Bragg gratings using side-exposure methods. It has been demonstrated that the existence of the fiber cladding can significantly alter the wavefronts of the writing beams. The calculated results have shown that, in the fiber core area, the wavefront radius in a plane normal to the fiber axis can reach as small as 122 µm, which is completely different from a plane wave.
Although the beam wavefront in the fiber core area has been significantly altered by the fiber cladding, no significant change on the shape of the fringe patterns generated by the interference of the two beams has been produced if the two beams are symmetrical to the fiber. The reason is due to the fact that at any point the wavefronts of the two interfering beams are equal when the beams are symmetrical to the fiber. The beam diverging angle in the plane containing the beams and fiber can introduce fringe gradients in the fiber core area.
The results presented in this paper will be helpful to explain the inherent chirp and broadening in the FBG spectra as well as providing a useful set of guard lines for the beam manipulating in FBG writing process.
